The inner limiting membrane (ILM) and the vitreous body (VB) are major parts of the extracellular matrix of the eye. The present study was undertaken to investigate the synthesis and turnover of the ILM and VB in chick and human embryonic and postembryonic eye development. METHODS. The abundance of ILM and VB proteins was determined by Western blot analysis using samples from chick and human VB of different ages. The mRNA expression of the ILM proteins in lens was determined by in situ hybridization and RT-PCR. RESULTS. Based on the abundance of mRNA expression, the prominent sources of ILM and VB proteins in chick eyes are the lens and ciliary body. In chick, ILM and VB matrix proteins were most abundant in embryonic VB, and their concentration declined precipitously after hatching. Most ILM and VB proteins were no longer detectable in the adult VB. In humans, a similar developmentally regulated expression of ILM and VB proteins in VB was detected: The highest concentrations of ILM and VB proteins were detected in fetal VB, the lowest in the adult VB. The decline in ILM and VB protein synthesis occurred within the first 2 years of life. B asement membranes (BMs) are sheets of extracellular matrix (ECM) that separate epithelia, myofibers, blood vessels, and the nervous system from the adjacent interstitial connective tissues.
B asement membranes (BMs) are sheets of extracellular matrix (ECM) that separate epithelia, myofibers, blood vessels, and the nervous system from the adjacent interstitial connective tissues. 1 Major components of BMs include members of the laminin family, collagen IV, nidogen, perlecan, agrin, and collagen XVIII. 2, 3 The inner limiting membrane (ILM) is the BM of the retina and separates the retina from the vitreous body (VB). Ganglion cell death and extensive retinal dysplasia after embryonic ILM disruption in chicks 4, 5 and mutant mice 6, 7 showed that the ILM is necessary for normal retinal development. Further, eyes affected by a variety of congenital human diseases, summarized as type II lissencephaly, show retinal dysplasia combined with disruptions in the ILM. 8 -10 In all instances, the histogenesis of other parts of the central nervous system is altered as well, most dramatically that of the cerebral cortex. [11] [12] [13] [14] The largest ECM compartment of the eye is the VB. The gel-like structure consists of 98% water. Collagens II and IX, fibronectin, fibrillin, and opticin are the most prominent ECM constituents (reviewed in Refs. [15] [16] [17] . A major component of the mammalian VB is hyaluronic acid, 18 which is replaced in the chick by a highly glycosylated version of collagen IX. 19 The gel structure of the VB is dependent on its collagen constituents and not on the presence of hyaluronic acid. 20 In situ hybridization in mice and chick localized the site of synthesis of VB proteins to the ciliary body (reviewed in Refs. 16, 17, 21) .
In the present study, we investigated the assembly and turnover of the ILM and VB during development. A surprising finding was that ILM and VB were synthesized during embryogenesis and maintained from early postnatal life onward, with very low turnover.
METHODS

Antibodies
The antibodies to chick laminin-1, nidogen-1, perlecan, collagen XVIII, agrin, and collagen IX have been described previously. 22, 23 The antibodies are mouse monoclonals (mAbs) and are available from the Developmental Studies Hybridoma Bank, University of Iowa (Iowa City, IA). The specificities of mAbs 3F1 to collagen II, 2A6 to fibrillin, 5F3 to fibronectin, and 11F9 to chick albumin were established by immunocytochemistry (collagen II, fibrillin, and fibronectin), Western blot analysis (collagen II, fibrillin, and fibronectin), cross-reactivity of the immunoprecipitated antigens with polyclonal antisera (collagen II, fibrillin, and fibronectin), or cDNA cloning from a chick amnion phage cDNA library using the antibody as a probe (albumin). The mAbs to tenascin (mAb M1), human photoreceptors (RC2), and synaptic vesicles (SV2) were obtained from the Developmental Studies Hybridoma Bank. Polyclonal antisera to collagens II and IV, laminin-1, and transferrin were obtained from Rockland Immunochemicals (Gilbertsville, PA), Chemicon (Temecula, CA), Invitrogen (Carlsbad, CA), and Cappel (West Chester, PA), respectively. The polyclonal antiserum raised against chick collagen XVIII-endostatin will be described elsewhere (Dong S, Winzen U, Sasaki T, Timpl R, Halfter W. Endostain is necessary for collagen XVIII triple helix formation, manuscript submitted, 2005). The polyclonal antisera were used to detect ILM and VB proteins in human eyes and collagen IV in chick eyes.
Western Blot Analysis
VBs were collected from embryonic day (E)10 and E20, postnatal day (P)5 and P10, and adult chickens. Adult chicken eyes were obtained from Greenwalt Farms (Madison, PA). The VB samples were collected within less than hour of killing and were the combined VBs of at least three different animals. VBs of fetal and early postnatal human eyes were obtained from the Brain and Tissue Bank of the University of Maryland (Baltimore, MD). For the fetal sample, three VBs were pooled from three 19-week-old fetuses; the postnatal samples were each of 96-and a 253-day-old infant who had died of pneumonia and cardiomyopathy, respectively. The VBs of two adult eyes were from the Center for Organ Recovery and Education, Pittsburgh, PA (IRB protocol 0312072). The eyes were obtained and managed in accordance with the guidelines of the Declaration of Helsinki for research involving human tissue. After homogenization and centrifugation, the samples were run on SDS-PAGE, 23 and the Western blots probed for laminin-1, collagen IV, perlecan, collagen XVIII, and agrin. The relative abundance of the proteins at the different time points was quantified by measuring the total gray value of the protein bands from the digital images on computer (NIH Image software 1.63; Scion, Frederick, MD). The total gray value was calculated by multiplying the pixel number by the optic density of the bands and plotted as multiples of the gray values of equally sized, nonlabeled segments of the blots. Liquefaction of the chick VB was determined at different embryonic and posthatching stages by weighing the liquid and gel portions of the VB.
In Situ Hybridization
For in situ hybridization, eyes from E4 to E10 chicks were fixed overnight in 4% paraformaldehyde. Cryostat sections were processed for in situ hybridization using the digoxigenin (DIG)-labeled cRNA probes to chick perlecan, collagen XVIII, agrin, fibronectin, and collagen IX as described previously.
24
RT-PCR of ILM Proteins
For the detection of mRNA levels for perlecan, nidogen, and collagen IV by RT-PCR, lenses from embryonic and posthatching chicks were dissected, their total RNA extracted (Mico-to-Midi Total RNA Isolation System; Invitrogen) and 200-to 1200-bp sequences of perlecan, nidogen, and collagen IV amplified by RT-PCR (One-Step RT-PCR kit; Invitrogen). The samples were normalized by using RT-PCR for chick ␤-actin as the control. The primers are perlecan forward, 5ЈACC ATC AAG GAT GCC TAC AAG A; reverse, 5ЈCGC TCA CTG CCT CCC CTT CA; nidogen forward, 5ЈCAG CCA ATG ACT GTT TTG TAG CA; reverse, 5ЈTGA CAG AAG TGG GCT TGC ATG T; ␤-actin forward, 5ЈCAT GAA ACT ACC TTC AAC TCC A; reverse, 5ЈTAG AAG CAT TTG CGG TGG ACA A; collagen IV forward, 5ЈATG GCT ACT CCC TTC TTT ATG TA; reverse, 5ЈTTT CTT GAA CAT CTC ATT CCT CTC.
RT-PCR conditions were at room temperature: 1 cycle 50°C 30 minutes and 94°C for 2 minutes; PCR, 35 cycles: 94°C 15 seconds, 56°C 30 seconds, 72°C 1 minute 10 seconds; 1 cycle for final extension: 72°C for 5 minutes. PCR products were separated on 1% agarose gels.
RESULTS
ILM and VB Protein mRNA Expression in the Developing Chick Eye
The ILM of the chick retina is an 80-nm thick sheet of ECM that is located at the vitreal surface of the retina and blends into the ECM of the VB (Figs. 1a, 1c) . The ILM is composed of perlecan, collagen IV, laminin-1, nidogen, agrin, and collagen XVIII, as confirmed by immunocytochemistry (Fig. 1a) and Western blot analysis. 23 In situ hybridization showed that ILM protein mRNAs in the chick eye are prominently expressed by the lens, ciliary body, and optic disc. Except for agrin, ILM protein mRNAs were not detected in the retina. Perlecan mRNA, for example, was most abundant in the lens (Fig. 1b) , whereas collagen XVIII mRNA was most abundant in the nonpigmented epithelium of the ciliary body and the optic disc (Figs. 2a, 2b) . Similar distribution patterns were established for laminin, nidogen, and collagen IV mRNAs. 23, 24 The only ILM protein mRNA that was detectable in the retina was that for agrin, which was prominently expressed by ganglion cells (Fig. 2c) .
VB protein mRNAs were detected in the nonpigmented ciliary body epithelium, as shown for collagen IX (Fig. 2d) . Similar distribution patterns were established for collagen II 25 and tenascin. 26 The only ECM protein in VB that does not originate from the ciliary body is fibronectin. Fibronectin mRNA was undetectable in any of the ocular tissues and was found only in extraocular connective tissue (Fig. 2e) . Consistent with earlier studies in chicks 24 and mice, 27, 28 we propose that ILM and VB proteins in chicks originate from the lens and ciliary body, although a contribution of retinal glial cells in ILM synthesis cannot be excluded.
Developmental Regulation of ILM Synthesis in Chicks
Based on abundant mRNA expression, the dominant source for ILM proteins in the chick eye are the lens, ciliary body, and optic disc. We postulate that for the assembly of the ILM from its protein constituents, the BM proteins have to be secreted from the lens and ciliary body into the VB, and a requirement for the assembly of new ILM or for the turnover of alreadyexisting ILM is the availability of ILM proteins in the VB. Western blot analysis confirmed that all ILM proteins were abundant in the embryonic VB, at a time when the retina rapidly expands, and large segments of new ILM are assembled (Fig. 3) . 23 The ILM protein concentrations in VB sharply declined during the first 10 days after hatching, and most proteins were no longer detectable in the adult VB (Fig. 3) . Particularly striking was the dramatic downregulation of nidogen that was most abundant in E10 vitreous, less abundant by E20, barely detectable by P10, and no longer detectable in the adult VB (Fig. 3, Ni) . Collagen XVIII, a heparan sulfate proteoglycan, 29 was detected by E10 and E20 as a smear of 300 kDa (Fig. 3,  XVIII) . The staining intensity of the smear was weaker by P5 and the collagen XVIII band decreased in molecular mass. The decline in molecular mass was even more pronounced by P10. To determine whether the decrease was due to a proteolytic degradation of the core protein, the samples were digested with heparitinase to remove the GAG chains (Fig. 3, ϪGAG) . Western blot analysis showed that the 180-kDa collagen XVIII core protein remained unchanged during all stages of development, showing that the decrease in molecular mass of the collagen XVIII proteoglycan reflects an insufficient postembryonic GAG-glycosylation or a progressive deglycosylation, rather than a proteolysis of the core protein.
Quantification of the Western blots by scanning densitometry showed that the expression of ILM proteins was most abundant during embryogenesis (Figs. 3, 4) . Nidogen, collagen XVIII, and agrin concentrations dramatically declined shortly after hatching, and the three proteins were no longer detectable in the adult chick eye. Laminin-1, perlecan, and collagen IV concentrations also declined after hatching, but the proteins were still detectable, although at lower levels, in the adult eye (Figs. 3, 4) .
mRNA Expression of ILM Proteins at Different Stages of Development
The relative mRNA levels of perlecan, nidogen, and collagen IV were determined by RT-PCR at different stages of eye development (Fig. 5) . The mRNA levels for collagen IV, nidogen, and perlecan were highest at E8 and declined at E14, at a time when the proteins were still abundant in VB (Fig. 5, compare   FIGURE 3 . Western blot analysis showing the abundance of laminin-1 (Ln), nidogen 1 (Ni), collagen XVIII (XVIII), perlecan (Per), agrin (Ag), and collagen IV (IV) in E10, E20, (P)5, P10, and adult (ad) chicken VB. H: hatching at E21. In each lane, 40 L of VB homogenate was loaded. All proteins declined in concentration shortly after hatching. The decrease in molecular mass of collagen XVIII was due to an age-related glycosylation deficiency rather than to degradation of the core protein.
When the samples were separated after treatment with heparitinase (ϪGAG; right, XVIII), the molecular mass of the 180-kDa core protein remained unchanged. . Very little nidogen mRNA was detectable in the adult chick eye. mRNA levels for ILM proteins synthesized by the ciliary body, such as collagen XVIII, laminin-␤1, -␥1, and -␣1 could not be measured, because the chick ciliary body epithelium was inseparable from the periocular connective tissue and could not be isolated as a defined, clean tissue.
Developmental Regulation of VB Body Proteins in the Chick
Western blot analysis of VB samples from embryonic and posthatching chickens showed that the abundance of VB proteins was highest during embryonic stages. It rapidly declined during the first 10 days after hatching, and little collagen IX, fibrillin, and tenascin and only minor quantities of collagen II were detectable in adult VB (Fig. 6a ). An exception was fibronectin, which was present in similar quantities from embryonic stages of development into adulthood. The embryonic VB was also rich in proteins that are typical of serum, such as albumin and transferrin. Whereas albumin was greatly reduced in concentration shortly after hatching and was undetectable in adult VB, transferrin was detectable throughout all stages of chick eye development into adulthood (Fig. 6) .
Quantification of the protein bands showed a similar downregulation of VB proteins as was shown in the ILM components (Figs. 6b, 6c) . The highest concentration of VB proteins was detected at embryonic stages, followed by a rapid decline during the first 10 days after hatching. Only low levels of the proteins were detectable in the adult VB. The evenly high concentrations of fibronectin and transferrin showed that the decline of the other VB proteins was not due to an increased and random proteolysis in the posthatching VB. In situ hybridization showed that fibronectin is not synthesized by the eye, rather from extraocular tissue (Fig. 2e) . The origin of transferrin in chick VB has not been determined, yet in rabbit, transferrin has been shown to be secreted by the ciliary epithelium. 30 Age-related liquefaction, as documented in humans (reviewed in Refs. [15] [16] [17] , is considered a morphologic sign of VB degradation. To find out whether VB liquefaction occurs in chicks as well, the proportion of liquid versus total VB weight was determined (Fig. 7) . Data showed that 20% of the embryonic VB was liquid. That fraction increased to 44% at P10 and to 75% in adult chicks, demonstrating that liquefaction in chicks begins as soon as the early posthatching stages of eye development.
Developmental Expression of ILM and VB Proteins in the Human Eye
The expression levels of ILM and VB proteins during human development were investigated as well. We first confirmed the presence of all known ILM proteins, such as collagen IV (Fig.  8d) , laminin (Fig. 8e) , nidogen (Fig. 8f) , perlecan (Fig. 8g) , collagen XVIII (Fig. 8h) , and agrin in the adult human ILM (Fig.  8i) . For orientation, sections were stained with a general nuclear marker (Fig. 8a) , for RC2 as a marker of photoreceptors (Fig. 8b) , and for SV2 as a marker for the outer and inner plexiform layers (Fig. 8c) . Western blot analysis confirmed the specificity of the anti-ILM antibodies as they labeled protein bands with the expected molecular masses in samples of VB (Fig. 8k) .
When assayed for different stages of pre-and postnatal eye development, laminin-1 (Fig. 8k, LN) , collagens XVIII (Fig. 8k,  XVIII) , IV (Fig. 8k, IV) , and II (Fig. 8k, II) were most abundant in 19-week-old fetal VB (Fig. 8k, lane 1) . By 2.4 months after birth, less ILM and VB proteins were detected in VB (Fig. 8k,  lane 2) , and the proteins decreased further in concentration by 6.3 months of age (Fig. 8k, lane 3) . The proteins were barely detectable in the VB of adult eyes (Fig. 8k, lane 4) . Quantification of the blots (Fig. 8l) showed a protein expression profile that was very similar to the temporal expression of ILM and VB proteins in chick: ILM and VB proteins were most abundant at fetal stages, less in early postnatal stages, even less in slightly older stages, and least in the adult eye. There was a dramatic decline in ILM and VB protein abundance shortly after birth.
DISCUSSION
In the present study, we investigated the metabolism of the ILM and VB during chick and human eye development. Western blot analysis and RT-PCR showed that the synthesis and assembly of the ILM and VB in chicks and humans occurs during embryonic development and is dramatically reduced in postembryonic life. The downregulation of ILM and VB synthesis in humans occurs within the first few years after birth.
Embryonic Synthesis of the ILM
Consistent with previous reports, 23, 24 the mRNA expression of most ILM proteins in the chick eye was localized to the lens, ciliary body, and optic disc. Similar studies in mice have localized the mRNA expression for laminin, nidogen, and collagen IV to the ciliary body and lens as well. 27, 28 We assume a similar mRNA expression pattern for the human eye. Based on mRNA expression, we postulate that ILM proteins are mainly synthesized by the lens and ciliary body. The absence of ILM protein Both perlecan and nidogen mRNAs were highest at E8 and were downregulated from E14 onward. Densitometry of amplified nidogen, perlecan, and collagen IV bands after normalization against actin showed that the mRNAs for perlecan, nidogen, and collagen IV were highest in the early embryonic stage and decreased in concentration at late embryonic stages, well proceeding the protein decline in the VB. mRNA in the retina shows that glial cells, which were traditionally considered to be the main source of ILM production, play only a minor role in ILM protein synthesis. Our assumption is in agreement with studies in the mouse showing that the ILM protein mRNAs are abundant in lens and ciliary body but absent in the retina. 27, 28 The hybridization studies in mice were performed using radioactively labeled cRNA probes, which have a higher sensitivity than the DIG-labeled probes used in this study. Further support for the origin of ILM proteins from lens and ciliary body and not from retina comes from grafting experiments. Mouse retinal transplants grafted into chick eyes were covered with an ILM that was derived from the chick host and not from the mouse retinal transplant. 23 Yet, we cannot entirely exclude the possibility that retinal glial cells also contribute to the synthesis of the ILM. Disruption in the ILM and/or pial BM in mouse mutants shows that the main function of retinal or cortical glia is to provide the cellular receptors necessary for BM assembly. 7, 13 The synthesis of ILM proteins by mainly extraretinal tissues implies that for the assembly of new or the turnover of already existing ILM, its ECM constituents have to present in the VB. The highest concentration of ILM proteins in VB is expected to be present during early embryogenesis when the retina expands by 25% per day and large segments of new ILM have to be assembled. As shown in Figures 3 and 4 , the highest concentrations of ILM proteins were indeed detected during that time. Maximum ILM protein concentrations were detected densitometry (b, c) . The gray values of the proteins shown in the keys were plotted against age of the chickens (days of age).
FIGURE 7.
Liquefaction of the chick VB with increasing age. The percentage of liquid versus gel VB was determined in E14, P10, and adult chicken. The percentage of liquid VB increased from 20% at late embryogenesis to Ͼ40% at P10 and Ͼ70% after 1 year of age. n ϭ 6 at each stage. between E10 and E20, at which time the retina reaches its maximum surface area, and no new ILM has to be assembled. Shortly after reaching peak concentrations, the ILM protein concentrations decreased precipitously. Even more surprising, the concentrations of the ILM proteins in the adult VB were at their lowest levels, strongly suggesting that ILM turnover throughout adult life is minute. Immunocytochemistry of adult chick and human retina showed that all BM proteins were present in the ILM, indicating that ILM proteins in the ILM are well protected from degradation. Consistent with the rapid decrease of protein after hatching in chicks, the mRNA expression for ILM proteins is already downregulated during embryogenesis, preceding the decrease of protein by at least 10 days. Data similar to those in chicks were obtained for the synthesis of the ILM in human eyes, as we found that the highest BM protein concentrations in VB were found in fetal eyes. Shortly after birth and 6 months further in development, ILM protein synthesis was greatly reduced, and the proteins were barely detectable in the adult VB.
It has to be noted that in addition to laminin-1, other laminin family members are synthesized in the eye. They originate from retinal cells and provide an ECM in the photograph receptor layer, but are not present in the ILM. 31 There are, to our knowledge, no previous publications regarding the metabolism of the ILM. However, studies in other systems show that BMs are long-lived tissue structures. In frog, for example, freezing of muscle fibers leads to the death of the muscle cells but leaves the BM sheaths intact. 32 Further, crushing of nerves in the peripheral nervous system leads to the elimination of myelin, whereas the BMs of the Schwann cells survive and serve as conduits for the regenerating axons. 33 Finally, radiolabeling ECM proteins in rat showed that the glomerular BMs in the kidney have turnover rates greater than 100 days, 34 much slower than that of other proteins of the kidney. Our current data are consistent with these studies, as they show that ILM proteins have a very slow turnover rate and survive for very long times. 
Metabolism of the VB
Our study also established a developmental regulation of VB synthesis that is similar in its time course to that of the ILM. VB proteins are very abundant in embryogenesis, greatly downregulated after hatching, and present only at very low levels in the adult. Particularly striking is the very early downregulation of fibrillin between E10 and E20 (Fig. 6, Fib) . The only ECM protein that is present in VB at similar levels throughout life is fibronectin (Fig. 6, Fn) . As shown by in situ hybridization (Fig.  2e) , fibronectin is not synthesized in the eye, but rather originates from extraocular tissues, and it is currently unclear how it gets into the VB. Albumin and transferrin were also detected in chick VB. While albumin is downregulated shortly after hatching, transferrin stays in VB at high levels throughout life. Transferrin most likely originates from the ciliary body, 30 and we assume the same is true for albumin. Obviously, not all the proteins secreted by the ciliary epithelium undergo developmental regulation. In human eyes, collagen II appears to be similarly regulated as in chick, with high concentration in embryogenesis, and very low concentration in the adult eye. The decrease in collagen II synthesis in the human eye occurs within 2 years after birth.
There are earlier reports on the turnover of the VB ECM proteins. Some laboratories have found an age-related decrease of collagen II in VB and postulated that de novo synthesis of collagen II and other VB proteins does not occur in the adult eye. 35 Quantification of collagen II and IX mRNAs in mouse eyes by Northern blot analysis showed that both collagen mRNAs have their highest expression during embryogenesis, followed by a sharp decline shortly after birth. Barely detectable levels of collagen and IX mRNA were found in the adult eye. 36 The time course very much resembles the downregulation of VB proteins in the chick and human, as presented herein. Investigators in other laboratories have found that the concentration of collagen II remains steady and have postulated that some de novo synthesis of collagens occurs in the adult. 37, 38 A series of findings in human eyes are consistent with a low level of VB synthesis in the adult. Age-related liquefaction (synchysis), the aggregations of collagen fibers (syneresis, "floaters"), and the posterior detachment of the VB (PVD) from the ILM in 30% of humans older than 60 years [15] [16] [17] are signs of gradual degradation and low synthesis of VB in the adult. 39, 40 In addition, the VB does not regenerate after vitrectomy. Finally, a recent study in humans detected a continuous decline of collagen IX concentration in human VB, with a half-life of collagen IX of approximately 11 years. 41 All data strongly suggest that the VB, similar to the ILM, is metabolized very little and undergoes a slow degradation with age. Liquefaction of the VB is well established in humans and starts with the first 5 years of life. We showed that VB liquefaction also occurs in chick, with an early onset after hatching.
The question arises as to why ILM and VB synthesis is restricted to embryonic stages of development and why ILM and VB synthesis decreases so dramatically after birth or hatching. We speculate that ILM and VB are particularly essential during embryonic development but are dispensable later in life. Experimental removal of the ILM at early embryonic stages leads to a series of abnormalities, such as retinal dysplasia, retinal ectopias and a massive loss of ganglion cells. 4 -6 ILM removal later in development does not cause these abnormalities, 4 and ILM peeling and vitrectomy in adult humans is in fact the method of choice in macular hole surgery.
It is well established that other ECM structures in the body are very slowly metabolized as well. Articular cartilage and tendon, for example, have a very slow turnover and are considered nonregenerative tissue structures. 42 We speculate that, for the maintenance of ECM structures, evolution favored slow turnover over a continuous and rapid metabolism. Collagens and proteoglycans are inherently protected from degradation by their helical structure or their GAG side chains, and a constant high synthesis of ECM proteins carries the risk of excessive ECM buildup, as seen in fibrosis and BM thickening in diabetes. 43, 44 We speculate that many ECM structures, including the ILM and VB, are assembled during embryogenesis and then are maintained at a very low level of turnover.
